Introduction
Immune checkpoint molecules are a group of surface proteins expressed on various immune cell subsets that can function as either stimulatory or inhibitory mediators, depending upon cell-specific and contextual expression (1) . Immunotherapy targeting immune checkpoints has revolutionized the treatment of cancer -yet a large majority of patients and cancer types remain refractory to current therapies (2) . Approved therapies targeting the program cell death protein 1 (PD-1) and cytotoxic T lymphocyteassociated protein 4 (CTLA-4) axes likely function by reversing effector T cell exhaustion in the tumor microenvironment (TME) (3) . The complex TME involves multiple suppressive mechanisms (4) ; among suppressive cell populations, targeting Tregs has potential as an evolving approach to enhancing antitumor immunity (5) .
Immune checkpoint molecules have generally been studied based on their expression on effector T cells in the context of T cell exhaustion. Given these characteristics and the recent clinical successes targeting PD-1, programmed death ligand 1 (PD-L1), and CTLA-4, other immune checkpoints may represent more appropriate Treg targets. CTLA-4 is known to be important for Treg suppressive functions, and the CTLA-4 targeting antibody ipilimumab may have effects on Tregs (6) . Preclinical models further demonstrated potent antitumor activity, with CTLA-4 monoclonal antibodies capable of efficiently depleting tumor Tregs. These observations prompted phase I clinical trials in patients using a variant of ipilimumab with enhanced ADCC (7, 8) . CTLA-4 is expressed on Tregs in a variety of settings other than cancer; thus, therapies that are targeted to deplete CTLA-4expressing Tregs may have unanticipated adverse effects (9) . A number of other immune checkpoints and agonist molecules, including TIM-3, PD-1, TIGIT, and tumor necrosis factor receptor (TNFR) family members, have been reported to be important in context-specific Treg suppressive function (10) (11) (12) (13) . While much is known about each of these individual immune molecules expressed on Tregs, it remains unclear how the collective check-Despite advancements in targeting the immune checkpoints program cell death protein 1 (PD-1), programmed death ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) for cancer immunotherapy, a large number of patients and cancer types remain unresponsive. Current immunotherapies focus on modulating an antitumor immune response by directly or indirectly expanding antitumor CD8 T cells. A complementary strategy might involve inhibition of Tregs that otherwise suppress antitumor immune responses. Here, we sought to identify functional immune molecules preferentially expressed on tumor-infiltrating Tregs. Using genome-wide RNA-Seq analysis of purified Tregs sorted from multiple human cancer types, we identified a conserved Treg immune checkpoint signature. Using immunocompetent murine tumor models, we found that antibody-mediated depletion of 4-1BB-expressing cells (4-1BB is also known as TNFRSF9 or CD137) decreased tumor growth without negatively affecting CD8 T cell function. Furthermore, we found that the immune checkpoint 4-1BB had a high selectivity for human tumor Tregs and was associated with worse survival outcomes in patients with multiple tumor types. Thus, antibody-mediated depletion of 4-1BB-expressing Tregs represents a strategy with potential activity across cancer types.
A conserved intratumoral regulatory T cell signature identifies 4-1BB as a pan-cancer target 1 Figure 2C and Supplemental Figure 3A ). These findings were consistent across the 4 cancers examined here as well as an additional 3 cancer types profiled in the literature: breast (14) , lung (15) , and colon cancer (ref. 15 and Figure 2D ). We used cross-validated L1-norm constrained logistic regression (LAS-SO) logistic regression to identify a limited set of molecules that could discriminate tumor Tregs from other CD4 T cells or from peripheral Tregs (Supplemental Figure 3 , B and C). In both instances, tumor Tregs were best discriminated from other CD4 T cell subsets by TNFRSF9 expression. These data indicate that tumor 4-1BB discriminates tumor Tregs from other T cell subsets in multiple distinct cancers. Further, TNFRSF9 expression was enhanced on Tregs isolated from hepatocellular cancer (16) compared with peripheral Tregs in single-cell analyses (Supplemental Figure  4A ). Additionally, tumor Tregs expressing FOXP3 and TNFRSF9 coexpressed a number of relevant molecules, including TNFRSF4, TNFRSF18, and CTLA-4 (Supplemental Figure 4B ). 4-1BB levels were elevated on purified CD8 T cells from renal clear cell carcinoma, while tumor Tregs demonstrated increased TNFRSF9 across multiple cancers (Supplemental Figure 4C ). Corroborating these data, we found that protein-level expression of 4-1BB was elevated on tumor Tregs as compared with tumor CD8 and CD4 T cells in hepatocellular cancer (Supplemental Figure 4D ). Tumor Treg immune checkpoint signature characterized by 4-1BB. Given our findings using purified intratumoral and peripheral Treg populations, we sought to determine how Treg-associated immune checkpoint molecule expression varies between normal tissue and matched cancers. For these analyses, we capitalized on available RNA-Seq data from uniformly processed (17) , matched noncancerous tissues and cancer tissues available through Genotype-Tissue Expression (GTEx) (18, 19) and The Cancer Genome Atlas (TCGA) (ref. 20 and Figure 3A ). While FOXP3 expression was highly correlated with a subset of immune checkpoints in normal tissue, a different subset of immune checkpoints correlated with FOXP3 in tumors. This cancer immune landscape was characterized by TIGIT, ICOS, LAG-3, TNFRSF9, CD80, CD226, and CTLA-4 ( Figure 3 , B, green dendrograms, and C).
High-dimensional visualization using t-distributed stochastic neighbor embedding (t-SNE) identified a normal tissue-specific immune checkpoint landscape, which was substantially altered in cancer ( Figure 4A ). Expression of the Treg transcription factor FOXP3 was enriched across some tissues at low levels while other tissues had little expression. A gradient of FOXP3 expression was present in cancers irrespective of tissue origin, with most tumor tissues having greater expression as compared with normal tissues ( Figure 4B ). We next examined patterns of expression for each Treg checkpoint molecule in the signature, comparing expression in normal tissues and cancer ( Figure 4C and Supplemental Figure  5A ). TNFRSF9 and CTLA-4 had similar patterns of expression as related to FOXP3 in cancer while TNFRSF9 had lower levels of expression across normal tissues ( Figure 4D and Supplemental Figure 5A ). Furthermore, TNFRSF9 had increased enhancement in cancer versus normal tissue as compared with the other checkpoints. We next compared expression of the FOXP3-correlated point landscape contributes to Treg function in the TME across different types of cancer in humans.
We sought to understand the global landscape of immune checkpoint and agonist molecule expression on Tregs across different tumor types. By generating RNA-Seq data from carefully sorted Tregs from multiple cancer types and mining publicly available sequencing data from human normal and malignant tissues, we identified a tumor Treg signature that was conserved across multiple cancer types and that was distinct from that of peripheral Tregs and other CD4 lineage T cells. Within this signature, 4-1BB best discriminated among intratumoral Tregs across cancer types. Accordingly, coexpression of 4-1BB and FOXP3 was associated with poorer survival outcomes, again across multiple cancer types. To corroborate these data, we treated murine tumors with a 4-1BB antibody of the IgG2a (depleting) isotype and found that treatment resulted in decreased tumor growth associated with depletion of intratumoral Tregs. Collectively, these data strongly support a conserved pattern of Treg checkpoint molecule expression and highlight 4-1BB as a target for modulating Treg function via depletion. ). Differential expression analysis focused on relevant molecules showed that peripheral blood Tregs were characterized by CD244, NT5E, and TMIGD2 expression, while tumor Tregs upregulated multiple molecules, with the greatest changes in the TNFR family members TNFRSF4 (OX40), TNFRS9 (4-1BB), and TNFRSF18 (GITR) ( Figure 1B ). Remarkably, tumor Tregs and peripheral Tregs as well as naive and activated CD4 T cells in all 4 tumor types clustered independently based on relevant immune molecule expression alone ( Figure 1C and Supplemental Figure 2A ). Only 14 of the total 140 purified cell samples demonstrated immune checkpoint signatures in which their k-means clustering designation did not match the original cell source and are marked with white circles as well as labels of the true cell type ( Figure 1C ). Unsupervised hierarchical clustering on immune molecule expression also distinguished peripheral versus tumor Treg populations, with a subset of 14 molecules clustering together to discriminate the subsets (Figure 2A , top annotation row with black boxes, green dendrogram on y axis). Peripheral and tumor Tregs could be characterized based on expression of 13 such molecules, while naive and activated CD4 T cells had more diffuse differences in expression ( Figure 2A and Supplemental Figure 2B ).
Results
To more precisely determine which molecules are specific tumor Treg markers, we compared peripheral and intratumoral expression, examining the change in tumor versus peripheral Treg expression across immune checkpoint genes. These analyses showed which molecules were predominantly associated with peripheral versus tumor Tregs ( Figure 2B ). We found that,
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ability to use tetramers to track the AH1 antigen-specific CD8 T cells. Additionally, this model was used in prior studies to demonstrate the efficacy of depleting anti-CTLA-4 antibodies (IgG2a). Although all 3 depleting antibodies led to significantly decreased tumor growth, 4-1BB showed the numerically largest treatment effect ( Figure 5B ). Mice treated with either anti-CTLA-4 or 4-1BB also had the greatest long-term survival ( Figure 5C ). Total numbers of tumor Tregs decreased similarly across the treatments, although anti-4-1BB treatment led to the greatest total reduction in total Treg number ( Figure 5 , D-F). Importantly, 4-1BB treatment did not appear to deplete Tregs or CD8 T cells in the spleen ( Figure 5 , G and M). As previously described (8), CTLA-4 treatment significantly increased the percentage of Tregs in the spleen while OX40 decreased splenic Tregs. As might be predicted by their activated phenotype (22, 23) , anti-4-1BB did lead to an overall decrease in CD8 T cells in the tumor ( Figure 5H ); despite this decrease, the total percentage of CD8 T cells present in the tumor immune checkpoints across each of the matched normal tissue and cancer samples by tissue origin (Figure 4E and Supplemental Figure 5B ). Across all tissue types, TNFRSF9 generally had low levels on normal tissue as compared with levels that were enhanced in the corresponding cancer. By contrast, CTLA-4 expression was observed to be elevated in multiple normal tissues as well as in cancer. These data suggest that the conserved Treg immune checkpoint signature is present across multiple cancers and that 4-1BB expression is the signature member with the greatest differential expression between cancer and normal tissues.
In vivo depletion of 4-1BB-expressing Tregs inhibits tumor growth.
To determine whether depletion of 4-1BB-expressing Tregs alters tumor growth, we treated tumor-bearing mice with murine 4-1BB antibodies of the IgG2a subclass; murine IgG2a antibodies bind to activating FcγRs and mediate target depletion ( Figure 5A and refs. 8, 21). We used the CT26 model to test these antibodies due to its increased numbers of effector CD8 T cells and Tregs as well as the improved overall survival as compared with isotype or anti PD-1 treatment (Supplemental Figure 6 , A-C). In this model, 4-1BB IgG2a treatment led to a significant decrease in intratumor Treg levels while slightly decreasing intratumoral CD8 T cells (Supplemental Figure 6 , D-F). Given that the overall efficacy of the IgG1 and IgG2a subclass antibodies was similar, we examined Tregs and CD8 T cells for granzyme B and PD-L1 expression. 4-1BB IgG2a-mediated Treg depletion was accompanied by that were tumor antigen (AH1) specific was similar in the 4-1BB treatment group as compared with other treatment groups ( Figure  5 , I-K). Additionally, 4-1BB antibody treatment enhanced IFN-γ production by AH1-positive CD8 T cells ( Figure 5L ). To validate these findings, we tested whether targeting 4-1BB had similar antitumor effects in the MC38 colorectal cancer model. Treatment of MC38 tumors with either 4-1BB IgG1 or IgG2a subclass antibodies lead to decreased tumor growth and Figure 6 , an increased ratio of TNFRSF9/FOXP3 expression correlated with decreased overall survival, while the ratio of TNFRSF9/CD8A did not greatly effect survival across multiple cancer types from TCGA ( Figure 6A ). Furthermore, high coexpression of FOXP3 (above versus below the median) along with other Treg immune checkpoint molecules, including CTLA4/FOXP3, TNFRSF4/FOXP3, or TNFRSF18/FOXP3, did not correlate with differences in overall survival (Supplemental Figure 7A ).
decreased expression of granzyme B and PD-1, while IgG1 treatment led to increased production of granzyme B by tumor Tregs (Supplemental Figure 6G ). 4-1BB IgG1 also led to an increase in CD8 T cell granzyme B expression as anticipated (Supplemental Figure 6H ), which was not present in 4-1BB IgG2A-treated mice (Supplemental Figure 6H ).
Tumor T cell profiles characterized by low numbers of CD8 T cells and high numbers of 4-1BB-expressing
Tregs signal poor survival outcomes across multiple human cancers. 4-1BB is expressed on a population of CD8 tumor-infiltrating lymphocytes (TILs), where it serves as an activating coreceptor. Thus, 4-1BB-targeted agonist (cross-linking) antibodies are in development for cancer immunotherapy (24) . This is in seeming contrast to the data above, demonstrating that 4-1BB is preferentially expressed on TIL Tregs in at Survival analyses further showed that increased levels of CD8A above the median were associated with improved survival, while FOXP3 expression did not have an effect (Supplemental Figure 7B) . Given that tumors vary widely in their degree of CD8 T cell infiltration, we hypothesized that tumors with elevated levels of functional CD8 T cell infiltration would show relatively improved overall survival as a function of TNFRSF9/FOXP3. To test this, we stratified tumors into 4 quantile groups based on total CD8A and GZMK levels ( Figure 6B and Supplemental Figure 7C ). Tumors within the top quantile with the highest CD8A and granzyme K (GZMK) coexpression were associated with an increased survival outcome compared with those with low CD8A and GZMK coexpression (Supplemental Figure 7D ). Only a few tumor types were characterized by having increased levels of CD8A and GZMK in the top quantile, the majority of which are known to respond to current checkpoint targeting immunotherapies (Supplemental Figure 7E) .
Interestingly, we found that for those tumors with low CD8A and GZMK coexpression, high TNFRSF9/FOXP3 coexpression correlated with significantly worse survival compared with low TNFRSF9/FOXP3 coexpression ( Figure 6D ). This association between TNFRSF9/FOXP3 levels and survival was not seen in those tumors with high CD8A and GZMK levels ( Figure 6C ). We found that these differences in survival pattern were not the observed for CTLA4, TNFRSF4, or TNFRSF18 when normalized to FOXP3 (Supplemental Figure 8, A and B) . In the cohort with high expression of CD8A and GZMK (CD8 high), TNFRSF9/FOXP3 expression changes were associated with increased expression of CD8A, GZMK, and perforin 1 (PRF1) (Supplemental Figure 8C) . By contrast, TNFRSF9/FOXP3 levels were inversely correlated with CD8A, GZMK, and PRF1 in tumors characterized by elevated TNFRSF9/FOXP3 (Supplemental Figure 8C ). Our data suggest that presence of 4-1BB-expressing Tregs in the absence of CD8A effector cells can signal an immune suppressive microenvironment that may be amenable to targeting with 4-1BB depletion ( Figure 6E ).
Loss of 4-1BB in murine Tregs impairs suppressive function in vitro. Given our observations that increased Treg-associated 4-1BB was associated with impaired survival, we hypothesized that, in addition to serving as a tumor-specific Treg marker, 4-1BB might effect the overall suppressive function of Tregs. To test this, we performed Treg suppression assays with murine T cells in the presence of isotype-and 4-1BB-activating antibodies (25) . Tregs were less able to suppress CD4 or CD8 responder cells in the presence of 4-1BB-agonizing antibodies as compared with isotype control (Supplemental Figure 9A ). To rule out the possi-bility that the 4-1BB-agonizing antibodies were also acting on responder cells in these assays, we bred mice with a Treg-specific loss of 4-1BB. Using these cells, we found that Tregs lacking 4-1BB showed impaired suppressive function as compared with control littermates (Supplemental Figure 9 , B and C). 4-1BB-deficient Tregs demonstrated increased expression of CTLA-4 and PD-1 as compared with littermate controls (Supplemental Figure 9 , E and F). Taken together, these data using antibodies and Treg-specific models, consistent with recent work that demonstrated depletion of Tregs with 4-1BB IgG2a antibodies (26) . We found that 4-1BB represents a relatively specific tumor Treg marker, which is associated with impaired overall survival outcomes. 4-1BB was also identified as an important discriminator of tumor Tregs associated with worse patient outcomes in non-small cell lung cancer (27) . Although our approach identified 4-1BB as a Treg-specific target across multiple cancers, 4-1BB has been previously shown to be important in positively regulating effector T cell responses in cancer (28) (29) (30) . 4-1BB agonism has been extensively studied in the context of anticancer immune responses, and agonistic therapies have demonstrated benefit in preclinical mouse models across knockout support the notion that 4-1BB expression on Tregs may be important in their function.
Discussion
In this comprehensive analysis of RNA-Seq data from flow-sorted Treg populations, we found that human Tregs have a conserved pattern of expression of relevant immune molecules in the TME, a pattern significantly different from that observed in the periphery. These changes were consistent across multiple tumor types, including those that are both sensitive and resistant to current immunotherapy treatments. We further showed that 4-1BB antibody-mediated depletion of Tregs leads to decreased tumor growth in mouse the immunosuppressive environment and simultaneously affect CD8 T cells in the tumor while also allowing for new CD8 T cells to traffic to the TME. Antigen-specific CD8 T cells with elevated 4-1BB in the TME may also undergo ongoing proliferation that renders depletion more challenging to detect. Alternatively, antigen-specific CD8 T cells may upregulate antiapoptotic molecules, such as Bcl-2, that render them less susceptible to depletion (38, 39) . Further investigation is warranted to determine the mechanisms that promote a differential increase in antigen-specific CD8 T cells in the TME after 4-1BB-mediated depletion. Our studies on purified Tregs from 8 tumor types and bulk TCGA profiles identify 4-1BB as a marker of TIL Tregs with correspondingly low expression in normal tissue. Thus, 4-1BB-mediated depletion of Tregs may be broadly applicable as a therapeutic strategy in cancers resistant to current immunotherapies.
Methods
Patients. Peripheral blood and tumor samples were collected for each patient on the day of surgery after the patient provided consent. A total of 34 previously untreated patients were sampled with 1 of 4 tumor types, including bladder transitional cell carcinoma (n = 8), glioblastoma multiforme (n = 8), prostate adenocarcinoma (n = 12), or renal clear cell carcinoma (n = 6). Tumor samples were obtained with a boardcertified pathologist present to confirm initial stage and extent of disease. All tumor pathology was later confirmed via immunohistochemistry for tumor type and grade. All samples were processed and CD4 T cell subsets isolated by FACS sorting within 4 hours of original collection.
Mouse studies. Animal experiments were performed in Association for Assessment and Accreditation of Laboratory Animal Care International-accredited housing facilities at Bristol-Myers Squibb or the University of Michigan.
C57BL/6N Tnfrsf9 tm1a(EUCOMM)Wtsi mice (obtained from the Institut Clinique de la Souris, created by the International Mouse Phenotyping Consortium) were crossed to the Flpo deletor strain C57BL/6N-Tg (CAG-Flpo)1Afst/Mmucd (MMRRC:036512-UCD) to remove the FRTflanked reporter sequence between exons 4 and 5 to generate Tnfrs9 fl/fl mice. Tnfrsf9 fl/fl mice were then crossed with B6.129 Foxp3 tm4(YFP/icre)Ayr/J mice (obtained from The Jackson Laboratory) to generate Foxp3 Cre + Tnfrsf9 fl/fl mice. C57BL/6 or BALB/c mice (Charles Rivers Laboratories) were subcutaneously injected with 2 × 10 6 MC38 or 1 × 10 6 CT26 tumor cells (ATCC). Tumor volumes were measured 7 days after implantation, and mice were randomized into treatment groups to have similar mean tumor volumes. Tumor volumes were then measured every 2 to 3 days using electronic calipers and volume calculated using the formula (L1 2 × L2)/2, with L1 being the shortest diameter. Mice were treated intraperitoneally on days 8, 11, and 15 with 200 μg of corresponding antibodies. Tumors from mice used for TIL analysis were harvested at day 15 or 16. Mice were sacrificed with CO 2 at either study termination or any of the following clinical endpoints: tumor volume ≥2000 mm 3 , tumor ulceration, body weight loss ≥20%, or moribund appearance.
Tumor-bearing mice were treated with monoclonal antibodies against mouse CTLA-4 (clone 9D9, mIgG2a isotype), OX40 (clone OX86, mIgG2a isotype), and CD137 (clone 1D8, mIgG1 and mIgG2a isotypes). A monoclonal antibody against keyhole limpet antigen (mIgG2a isotype) was used as a treatment control. Mice were treated on days 8, 11, and 15 with intraperitoneal injections of 200 μg of the indicated antibodies. multiple cancer types (24, 31) . 4-1BB expression on tumor CD8 and CD4 T cells, as well as peripheral blood CD8 T cells, is also a predictor of response to ipilimumab or ipilimumab and pembrolizumab in high-grade melanoma (32) . Consistent with this, our data highlight that, in tumor types heavily infiltrated with CD8 T cells, including melanoma, 4-1BB is associated with increased CD8 T cell effector function and improved patient survival. 4-1BB functions as a costimulatory molecule that potentiates TCR-mediated NF-κB signaling, leading to increased activation and proliferation of T cells and NK cells (33) . 4-1BB likely uses similar signaling pathways in CD8 T cells and Tregs, but outcomes are likely related to the functional context of the cell and its contribution to the overall tumor immune environment. In support of this, previous work has demonstrated that FOXP3 binds to the 4-1BB promoter, increasing expression preferentially in activated Tregs (34) . We found that 4-1BB on Tregs was associated with worse patient outcomes in multiple solid cancers and was inversely associated with antitumor effector responses.
Importantly, we confirmed in mouse cancer models that depleting anti-4-1BB antibodies of the IgG2a isotype mediated decreased tumor growth and Treg number as compared with either CTLA-4 or OX40. Anti-4-1BB-mediated decreases in tumor Tregs were accompanied by alteration in the phenotype of remaining Tregs, as they expressed less PD-L1 and secreted less granzyme B. This expression pattern is associated with decreased Treg suppressive function (35) . We also found, in mice treated with IgG1 anti-4-1BB antibody, that Tregs had increased granzyme B production, suggestive of increased Treg suppressive activity when 4-1BB was activated. Of note, relevant recent studies also demonstrated that IgG2a-targeted depletion of 4-1BB led to tumor control in murine models (25) . In those studies, IgG2a-mediated depletion was dependent on activating FcγR while the same was not true of IgG1. In the MC38 model, we demonstrated that IgG1 and IgG2a anti-4-1BB had an antitumor effect while Buchan et al. observed little efficacy of IgG1 anti-4-1BB in the CT26 tumor model (26) . It remains unclear why IgG2a and IgG1 anti-4-1BB antibodies have similar efficacy in the MC38 model but not the CT26 model. This may stem from differences in the Fc receptors in the respective TME or in strain-specific differences that could play a role in the relative sensitivity to IgG1 treatment. In support of a genetic mechanism, SNP differences in various mouse strains have been demonstrated to affect FcγRIII levels and to modulate circulating levels of antigen-specific IgG1 (36) .
A potential concern with antibodies against 4-1BB is the depletion of antitumor CD8 T cells in the process of removing Tregs. In keeping with this, in the CT26 mouse tumor model, we did observe a decrease in the overall frequency of tumor CD8 T cells in mice treated with depleting 4-1BB antibodies although it did not alter total number of tumor CD8 T cells. However, in spite of the decrease in CD8 T cells, 4-1BB depletion had significant antitumor activity and enhancement of IFN-γ production by antigen-specific CD8 T cells, suggesting that CD8 T cell tumor immune response may be preferentially selected. In fact, 4-1BB IgG2a treatment may select against bystander CD8 T cells, which have been recently demonstrated to be a significant portion of the tumor-infiltrating immune response (37) . It remains unclear how this selection may occur. One hypothesis is that transient loss of Tregs may reverse jci.org Purified CD4 populations were defined as follows: peripheral naive, CD4 + CD25 lo CD127 +/-CCR7 + CD45RA + CD27 + CD28 + ; peripheral activated, peripheral naive cells that were activated ex vivo; peripheral Tregs, CD4 + CD25 hi CD127 lo ; tumor Tregs, CD4 + CD25 hi CD127 lo . After sorting, cells were lysed with Trizol Reagent LS (Thermo Fisher Scientific, catalog 10296010) and stored at -80°C for later RNA isolation. A subset of naive cells were collected for later in vitro activation.
RNA-Seq and analysis. All RNA-Seq on purified T cell populations was performed by the Johns Hopkins School of Medicine Sidney Kimmel Comprehensive Cancer Center Experimental and Computational Genomics Core. All RNA was extracted using Trizol reagent (Thermo Fisher Scientific, catalog 10296010) according to the manufacturer's protocol. RNA yield was typically in the range of 100 pg to 200 ng for these sorted cell populations, with tumor-associated CD4 and CD8 populations having the smallest amounts. For samples with sufficient RNA input >1 ng total RNA, Bioanalyzer (Agilent Technologies) analysis was used to assess RNA integrity with values all exceeding 7.0. RNA-Seq barcoded libraries were prepared using the Nugen Ovation RNA-Seq System v2 kit (Nugen) according to the manufacturer's instructions. Libraries were sequenced on an Illumina HiSeq 2500 with paired end 2 × 100 bp reads. Reads were aligned using RNA-Seq expression (RSEM) (v1.2.8-1.2.9) with bowtie2 to derive gene-level expression measures, represented as posterior fragments per thousand per million (FPKM), normalized using log 2 , log 10 transformation, and Z score normalization for all analysis.
GTEx/TCGA data. GTEx and TCGA expression values that were processed on the same bioinformatic pipeline and batch normalized were obtained from Wang et al. (17) . Complete clinicopathological and normalized RSEM values for 74,149 TCGA samples were downloaded from cBioPortal (access date: 12/20/2017). Briefly, sample and survival data were downloaded individually for 16 separate TCGA cohorts, with normalized RSEM values for selected checkpoint markers retrieved via the cgdsr (v1.2.10) R-based cBioPortal API. For survival analysis, survival criteria were used from the clinicopathological data sets. All samples were stratified based on median expression or ratio of expression unless specified otherwise (CD8A and GZMK analysis). Renal clear cell carcinoma was excluded from the survival analysis based on previously published work demonstrating that increased CD8 T cells are associated with worse clinical outcomes (40) .
For TIL analysis, tumors were harvested and processed using Gen-tleMacs cell disruptors (Miltenyi Biotec). Resulting cell suspensions were clarified through 70-μM filters, pelleted, resuspended in PBS or DMEM, and counted. Cells were incubated with anti-CD16/32 mAb 24G.2 (BioXCell or BD Biosciences) to reduce background FcγR binding and then stained with antibodies specific for CD8 (BioLegend, 53-6.7), CD4 (BioLegend, GK1.5), and CD45 (BioLegend, 30-F11). Cells were also stained with the LiveDead Aqua fixable viability dye (Thermo Fisher Scientific, L34597). For intracellular staining, samples were fixed, permeabilized, and stained with antibodies specific for FoxP3 (eBioscience, FJK-16s) and IFN-γ (eBioscience, XMG1.2). CT26 tumor antigen-specific CD8 + T cells were identified using AH-1 MHC class I tetramers (MBL MuLV gp70 SPSYVYHQF). Tumor and splenic cell suspensions were incubated with tetramer in DMEM and 10% FCS for 30 minutes at 37°C, washed, and stained with surface and intracellular antibodies, as above. Ex vivo AH-1 peptide stimulation was performed by culturing tumor or splenic cells with 2 μM AH-1 peptide (MBL) in the presence of brefeldin A for 4 hours at 37°C. Ex vivo cytokine staining was performed by fixing and staining cells as described above, directly after tissue harvest. Samples were analyzed on FACS Canto and Fortessa flow cytometers (BD Biosciences). TIL Treg depletion was calculated as the percentage reduction in Treg numbers relative to the mean Treg number in control mIgG2a-treated mice.
In vitro suppression assay. Mice were euthanized to harvest lymph nodes and spleens for Treg isolation. Tregs were isolated from the spleens and lymph nodes of naive mice with the MojoSort Mouse CD4 T Cell Isolation Kit (Biolegend) followed by cell sorting to enrich for YFP + and/or CD25 + Tregs. For responder cells, naive CD4 + or CD8 T cells from the spleens and lymph nodes of congenically distinct mice (CD90.1 + ) were isolated with the Pan T Cell Isolation Kit (Miltenyi Biotec) and then sorted based on CD62L hi population. Sorted naive CD4 + or CD8 T cells were then labeled with proliferation dye eFluor450 (5 μM) (eBioscience) following the manufacturer's protocol. Cells from the positive fraction from the Pan T cell isolation were irradiated with 30 Gy and were used as antigen-presenting cells (APCs). Different ratios of Tregs (suppressor) and naive CD4 + or Cd8 T cells (responder) were cocultured with soluble anti-CD3 (1 μg/ml) and/or rat IgG2a isotype or anti 4-1BB (10 μg/ml, 3H3 clone BioXCell) and irradiated APCs for 72 hours. The proliferation of the responder CD90.1 + T cells was measured by eFluor450 dilution by flow cytometry. The percentage of suppression was calculated by using the following formula: percentage suppression = (percentage of proliferated responders with no Tregs -percentage of proliferated responders)/ percentage of proliferated responders with no Tregs × 100
Peripheral blood preparation. Peripheral blood lymphocytes were isolated from whole blood using density gradient. Whole blood was diluted with HBSS (Corning Cellgro, catalog 21-022-CV) and underlaid with Ficoll-Paque Premium (GE Healthcare, catalog 17-5442-03). Gradients were centrifuged and the buffy coat was washed with 1× PBS (Corning Cellgro, catalog 21-040-CV) and resuspended in 1× PBS for downstream application.
Tumor dissociation. Tumors were homogenized using the gentle-MACS human tumor dissociation kit (Miltenyi Biotec, catalog 130-095-929) using a gentleMACS Octo Dissociator (Miltenyi Biotec, catalog 130-095-929) according to the manufacturer's protocol. Samples were incubated at 37°C per Miltenyi Biotec's protocol. Following this step, tumor homogenates were passed through a 100-μm filter prior to staining for FACS sorting. jci.org Volume 130 Number 3 March 2020 deh and A. Gupta, JZ, AMS, SJW, ATP, and SY contributed to acquisition and/or analysis of data. LAS, AJK, HJ, ATP, and SAT provided tools, resources and/or reagents, and key scientific input. ZTF, SY, and CGD wrote the manuscript. All authors edited and approved the manuscript.
